Abstract: Uveal melanoma (UM) is the most prevalent primary intraocular cancer in adults. Up to half the patients develop metastases that are currently incurable, and most patients die within two years following the diagnosis of metastases. Therefore, novel therapeutic approaches are required. It has been established that tumor cells are more resistant to the hypoxia cue than non-malignant cells and can remain viable in hypoxia. Oxygen absence in hypoxic tumor areas means the absence of chemotherapeutics and the absence of the effector for radiotherapy (free oxygen radicals). To overcome this treatment resistance, we constructed MuLV-based replication-competent retroviral (RCR) vectors expressing shRNA targeting the hypoxia-response regulating genes CREB and HIF-1. These RCRs express shRNAs either against a single exon or against an exon and the poly-A signal to minimize the point-mutation resistance. These RCRs that only infect replicating cells will preferentially infect tumor cells. Pre-infected Mel270 UM subcutaneous xenografts in SCID mice were monitored weekly in vivo via bioluminescence. Here, we demonstrate that the knockdown of CREB or HIF-1 in UM cells dramatically decreases UM tumor progression. The reduction of the expression of Glut-1, which is a major glucose transporter in cancer cells, within tumors that are infected with the armed viruses may indicate UM's dependence on glycolysis for tumor progression.
Introduction
Uveal melanoma (UM) constitutes about 5% of all melanomas (based on Aronow et al. [1] and current Surveillance, Epidemiology, and End Results Program (SEER) data (https://seer.cancer.gov/)), and it is the most prevalent primary intraocular cancer in adults, with an annual incidence of 4-7 per million [1, 2] . Overall, metastases appear in up to 50% of patients [3] . There is currently no effective treatment for the metastases, and most patients die within two years (80% in the first year and 92% in the second) [4] . Both primary and metastatic UM are relatively resistant to systemic chemotherapy and radiotherapy with only a modest efficacy [5, 6] . Therefore, novel therapeutic approaches are required.
A variety of studies established that tumor cells are more resistant to hypoxia than non-malignant cells and they can remain viable in hypoxic environments [7] . Moreover, experimental and clinical data have shown that tumor hypoxia is associated with tumor progression to a more malignant phenotype and with the spread of metastases, altogether resulting in poor survival in patients with various solid tumors [7, 8] . Additionally, tumor hypoxia has been considered as a potential therapeutic for each gene in the human genome (unpublished data, http://bioinfo.ekmd.huji.ac.il/honigman). Targeting siRNA to this region results in a very efficient knockdown. Based on these results, we constructed MuLV vectors expressing shRNA targeting the poly(A) signal, in addition to knocking down CREB via a sequence from exon 8 or targeting the poly(A) signal of HIF-1 in addition to targeting the exon 5 sequence.
In the present work, we aimed to test whether knockdown of either CREB or HIF-1 in UM mouse xenograft models will be as effective at attenuating UM tumor growth in vivo as is the knockdown of these genes at reducing UM cell survival in vitro and in HCC growth in vitro and in vivo. In this work, we demonstrated that both regulators of the cellular response to hypoxia play a pivotal role in UM tumor progression and that CREB may play a more important role than HIF-1 in UM tumor progression.
Results

Construction of the RCR Vectors
We used the Murine Leukemia virus (MuLV). Viral construction and spread has been previously described [14, 16] . In short, we replaced the IRES-GFP DNA fragment in vACE-GFP [10] by an H1 promoter that drives shRNA sequences to target CREB (vACE-CREB), HIF-1 (vACE-HIF-1), or a non-target sequence (vACE-NT). To reduce the chance of appearance of resistance to the knockdown, we constructed viruses armed with two shRNA sequences that target not only a unique exon sequence, but also the poly-A signal of each gene, termed double (dbl). See Figure 1 for the sequences of the shRNAs. http://bioinfo.ekmd.huji.ac.il/honigman). Targeting siRNA to this region results in a very efficient knockdown. Based on these results, we constructed MuLV vectors expressing shRNA targeting the poly(A) signal, in addition to knocking down CREB via a sequence from exon 8 or targeting the poly(A) signal of HIF-1 in addition to targeting the exon 5 sequence.
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Kinetics of Infection of Mel270 and MP41 by the RCR Vectors
To determine the efficiency of infection of the two UM cell lines by the MuLV-based RCRs, we infected the cells with vACE-GFP. The spread of the virus was determined by flow cytometry ( Figure  2 ). The kinetics of spread of the virus vector was similar in both of the cell lines and within 30 days post infection about 90% of the cells were infected. Based on these results, fully infected cell lines with the various armed viruses ( Figure 1 ) were prepared based on these results. [14, 16] . (C,D,F,G) To increase knockdown efficiency and minimize resistant mutations, we added shRNAs against the poly(A) signal (underlined) of each target. (D,G) Armed retroviruses carrying two shRNA sequences against the same target were termed: "double" (dbl).
To determine the efficiency of infection of the two UM cell lines by the MuLV-based RCRs, we infected the cells with vACE-GFP. The spread of the virus was determined by flow cytometry (Figure 2 ). The kinetics of spread of the virus vector was similar in both of the cell lines and within 30 days post infection about 90% of the cells were infected. Based on these results, fully infected cell lines with the various armed viruses ( Figure 1 ) were prepared based on these results. 
Knockdown Efficiency of the Double Targeting Vectors
We have previously demonstrated that RCRs targeting a single site in either CREB or HIF-1 efficiently reduce the level of the mRNA and the proteins of these genes in HCC and UM cell lines. Knockdown of the mRNA in the various cell lines was between 65% and 97% and protein levels of the targeted genes were reduced by 56% to 86% [14, 16] .
To evaluate the efficiency of knockdown of the double targeting recombinant viral vectors, we determined the reduction in mRNA levels, the target of the shRNAs. The efficiency of knockdown of HIF-1 and CREB by RCRs targeting two sites in either gene was determined by RT-qPCR mRNA analysis, as previously described for the targeting with only one sequence of each of these genes [16] . The double-targeting armed viruses efficiently knocked down both CREB and HIF-1 (about 50-60%) in both cell lines (Figure 3 ), similar to the knockdown that was achieved by targeting a single site in the genes [16] . Keeping in mind the advantage of reduction in resistance to shRNA by targeting two sites in a single gene, we continued our experiments with the double targeting viral vectors. Figure 3 . Quantification of knockdown of HIF-1 (A) and CREB (B) by the armed viruses. mRNA was extracted from fully infected cell lines and mRNA of the two genes was quantified by RT-qPCR relative to β-actin and relative to the expression of these genes in the vACE-NT infected cells, as previously described [16] . 
Kinetics of Tumor Growth
Knockdown Efficiency of the Double Targeting Vectors
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To evaluate the efficiency of knockdown of the double targeting recombinant viral vectors, we determined the reduction in mRNA levels, the target of the shRNAs. The efficiency of knockdown of HIF-1 and CREB by RCRs targeting two sites in either gene was determined by RT-qPCR mRNA analysis, as previously described for the targeting with only one sequence of each of these genes [16] . The double-targeting armed viruses efficiently knocked down both CREB and HIF-1 (about 50-60%) in both cell lines (Figure 3 ), similar to the knockdown that was achieved by targeting a single site in the genes [16] . Keeping in mind the advantage of reduction in resistance to shRNA by targeting two sites in a single gene, we continued our experiments with the double targeting viral vectors. Quantification of knockdown of HIF-1 (A) and CREB (B) by the armed viruses. mRNA was extracted from fully infected cell lines and mRNA of the two genes was quantified by RT-qPCR relative to β-actin and relative to the expression of these genes in the vACE-NT infected cells, as previously described [16] . Quantification of knockdown of HIF-1 (A) and CREB (B) by the armed viruses. mRNA was extracted from fully infected cell lines and mRNA of the two genes was quantified by RT-qPCR relative to β-actin and relative to the expression of these genes in the vACE-NT infected cells, as previously described [16] .
Kinetics of Tumor Growth
For the in vivo mouse xenograft model experiments, we utilized cells that stably express the luciferase gene (luc) that enables in vivo non-invasive monitoring of tumor growth along the time span of the experiment. To determine if the MuLV vector by itself affects tumor growth we compared the Tumors infected with the armed viruses that knock either CREB or HIF-1 show a flat growth curve as opposed to the steady fast growth of the control tumors ( Figure 5 ). These results indicate that both regulators of the cellular response to hypoxia play a pivotal role in UM tumor progression. Tumors infected with the armed viruses that knock either CREB or HIF-1 show a flat growth curve as opposed to the steady fast growth of the control tumors ( Figure 5 ). These results indicate that both regulators of the cellular response to hypoxia play a pivotal role in UM tumor progression. Tumors infected with the armed viruses that knock either CREB or HIF-1 show a flat growth curve as opposed to the steady fast growth of the control tumors ( Figure 5 ). These results indicate that both regulators of the cellular response to hypoxia play a pivotal role in UM tumor progression. At the end of the experiment, the tumors were excised, photographed and weighed ( Figure 6 ). Tumors infected with the armed viruses were smaller than the tumors infected with the control RCR (vACE-NT, Figure 6 left panel). The mean weight of the tumors infected with an armed virus knocked down HIF-1 was only 42% of the mean tumor weight of the control tumors, and the mean weight of the tumors infected with an armed virus that knocked down CREB was only 16% of the mean control tumor. These results support those of the in vivo monitoring of tumor growth ( Figure 5 ) and suggest that CREB may play a more important role than HIF-1 in UM tumor progression. At the end of the experiment, the tumors were excised, photographed and weighed ( Figure 6 ). Tumors infected with the armed viruses were smaller than the tumors infected with the control RCR (vACE-NT, Figure 6 
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Cancers 2019, 11, 1056 6 of 12 down HIF-1 was only 42% of the mean tumor weight of the control tumors, and the mean weight of the tumors infected with an armed virus that knocked down CREB was only 16% of the mean control tumor. These results support those of the in vivo monitoring of tumor growth ( Figure 5 ) and suggest that CREB may play a more important role than HIF-1 in UM tumor progression. 
Histopathological Analysis of the Tumors
Histopathological analysis of the excised tumors inspected by three independent reviewers (S.F., M.G.V. and S.L.) revealed solid tumor masses with hardly any necrosis in any of the tumors. Sections were reviewed and graded for the absence (0), presence (1) or abundance (2) of staining for blood vessels (anti-CD34), vasculogenic mimicry patterns [17] and Glut-1 expression. Immunohistochemistry (IHC) for the endothelial cell marker CD34 did not highlight a vascular network within any of the tumors, but staining for vasculogenic mimicry with PAS without hematoxylin highlighted back-to-back loop (networks) mostly in tumors infected with the armed viruses targeting CREB, while most of the tumors infected with the control vACE-NT vector did not show this cellular pattern. Glut-1 is expressed by UM cells in hypoxia [16] and its expression is regulated by CREB [18] and HIF-1 [19] . Indeed, NT tumors showed patches of areas expressing Glut-1 that did not appear in any of the tumors with knockdown of either CREB of HIF-1 ( Figure 7 ). 
Histopathological analysis of the excised tumors inspected by three independent reviewers (S.F., M.G.V. and S.L.) revealed solid tumor masses with hardly any necrosis in any of the tumors. Sections were reviewed and graded for the absence (0), presence (1) or abundance (2) of staining for blood vessels (anti-CD34), vasculogenic mimicry patterns [17] and Glut-1 expression. Immunohistochemistry (IHC) for the endothelial cell marker CD34 did not highlight a vascular network within any of the tumors, but staining for vasculogenic mimicry with PAS without hematoxylin highlighted back-to-back loop (networks) mostly in tumors infected with the armed viruses targeting CREB, while most of the tumors infected with the control vACE-NT vector did not show this cellular pattern. Glut-1 is expressed by UM cells in hypoxia [16] and its expression is regulated by CREB [18] and HIF-1 [19] . Indeed, NT tumors showed patches of areas expressing Glut-1 that did not appear in any of the tumors with knockdown of either CREB of HIF-1 ( Figure 7) . network within any of the tumors, but staining for vasculogenic mimicry with PAS without hematoxylin highlighted back-to-back loop (networks) mostly in tumors infected with the armed viruses targeting CREB, while most of the tumors infected with the control vACE-NT vector did not show this cellular pattern. Glut-1 is expressed by UM cells in hypoxia [16] and its expression is regulated by CREB [18] and HIF-1 [19] . Indeed, NT tumors showed patches of areas expressing Glut-1 that did not appear in any of the tumors with knockdown of either CREB of HIF-1 (Figure 7) . 
Discussion
Ongoing generation of hypoxic regions is a property of solid tumors. The cellular response to hypoxia is orchestrated by several transcription factors including the HIF family and CREB. In a previous work, we demonstrated in vitro that knockdown of CREB in hypoxia, following infection with vACE-CREB, increased apoptosis by 50% and decreased the expression of CREB-regulated genes such VEGF in two UM cell lines Mel270 and OMM2.5 [16] . In this work we demonstrate for the first-time inhibition of uveal melanoma growth in a mouse model, following knockdown of either CREB or HIF-1 by a replication competent retrovirus vector. This vector can integrate stably and spread within the infected tumor.
To diminish resistance to the knockdown by shRNA expressed by the armed MuLV vectors we added to each vector another shRNA targeting the poly(A) site of each gene. Thus, each vector expressed two shRNAs from the same RNA molecule targeting two sites in each gene. As demonstrated in Figures 3 and 5 , these recombinant vectors efficiently knocked down both CREB and HIF1 in vitro and abolished tumor growth in vivo. There is a debate in the literature regarding the relevance of long-standing cell lines to the primary tumors from patients. To address this concern, we compared in vitro virus infectivity and spread and knockdown of the target genes in three different UM cell lines: Mel270, OMM2.5 and the recently prepared MP41 cell line which has been shown to have the same gene expression profile as the tumor from which it originated from [20] . In the in vitro experiments, we did not find significant differences in the response of the cells to the infection with the armed viruses.
Tumor progression of subcutaneously implanted xenografts stably expressing shRNA targeting either CREB or HIF-1 was diminished as determined by both non-invasive luciferase-based imaging and measurements of the excised tumors (Figures 5 and 6 ). These results suggest that even partial knockdown (about 50% in vitro) of either one of these transcription factors had a major effect on tumor progression. Moreover, we have previously shown in hepatocellular carcinoma that knockdown of either CREB or HIF-1 reduced the expression of VEGF within the tumors which resulted in a decrease in hypoxia-guided neovascularization [14] . The abrogation of VEGF may be responsible for the stronger effect in UM seen in vivo in the current study compared to the in vitro results in our previous study [16] .
UM is well known for its poor internal vasculature, which led to the discovery of vasculogenic mimicry [21] . We now know that tumor cells transform into endothelial-like cells and form channels that enable plasma and nutrients to flow throughout the tumors [17] . The histopathologic analysis in the current study indicates that formation of vasculogenic mimicry may be inversely correlated with the activity of CREB (Figure 7 ).
Tumors infected with the control vector, grew rapidly with the expected formation of hypoxic areas within the tumors where Glut-1 was expressed (Figure 7) . However, when the expression of either CREB or HIF-1 was knocked down, the expression of their downstream gene glut-1 was abolished. Glut-1 is the major glucose transporter, especially in tumor cells and is important in providing glucose for energy production within these cells [22] . Activation of Hexokinase II is the initial and rate limiting step in glycolysis. Liu and colleagues found that Hexokinase II is activated by CREB in UM cells. In addition, downregulation of Hexokinase II resulted in reduced glycolysis, increased oxygen consumption and reduced tumor growth [23] . In vitro, UM cells have sufficient supply of glucose in the growth medium, even in hypoxic conditions, which enables them to survive hypoxia. However, in vivo, glucose is not readily available for the tumor cells. Following the knockdown of either CREB or HIF-1, there was a reduction in Glut-1 expression resulting in limited energy supply preventing UM tumors proliferation in hypoxia. This could be at least part of the reason these tumors hardly grew in vivo (Figures 5-7 ). Taken together with our previous results [16] , it appears that the role played by CREB and HIF-1 in UM is more important in vivo than in vitro.
In cutaneous melanoma there have been publications linking the level of pigmentation to the virulence of the tumor and to HIF-1 activation [24, 25] . Uveal melanoma is vastly different to cutaneous melanoma in both genetic profile and clinical behavior. Uveal melanoma cell lines do not produce pigment in vitro precluding a proper analysis of the role of melanin. There are no studies correlation the level of pigmentation and HIF-1 in UM cells and their virulence. One study correlated pigmentation with survival of UM patient [26] . In that study, although there was no difference in prognosis between races, and despite a similar distribution of pigmented vs. non-pigmented tumors clinically, the authors found that in Caucasians more pigmented tumors correlated with a higher metastatic rate. Of note, it is well known that when eyes with uveal melanomas are enucleated, a pigmented surface that would give a higher pigmentation score clinically, can sometimes cover an internal amelanotic tumor. In this work we demonstrate that HIF-1 plays a role in UM tumor progression in vivo.
Our previous results [16] , demonstrated that knockdown of CREB resulted in increased sensitivity to chemotherapeutic agents (doxorubicin and decarbazin). This, together with our findings in the present study, suggest that a combined treatment with the armed viruses and chemotherapy should result in a more potent effect in the reduction of tumor progression.
Materials and Methods
Cell Culture
The human Mel270 cell line [27] (verified by STR analysis and a kind gift from Prof. Sarah Coupland, Liverpool, UK) and MP-41 [20] were grown in RPMI 1640 supplemented with 10% fetal bovine serum, 2 mM glutamine, 100 IU/mL penicillin, 100 µg/mL streptomycin (Biological Industries, Kibbutz Beit-Haemek, 25115, Israel) and incubated at 37 • C in a humidified atmosphere with 5% CO 2 .
Plasmids and Viruses
The plasmid pACE-GFP (a kind gift from Prof. Noriyuki Kasahara, Los Angeles, California [10] ) contains a full-length replication-competent amphotropic MuLV provirus with an additional internal ribosome entry site (IRES)-GFP cassette flanked by BsiWI and NotI restriction enzymes sites. This cassette was replaced by oligonucleotides harboring the H1 promoter driving the transcription of the following shRNA sequences: See Figure 1 for a schematic presentation of the vectors.
Virus Preparation
HEK293T cells were transiently transfected with either one of the pACE plasmids, described above and in Figure 1 
Flow Cytometry (FACS)
Cells infected with vACE-GFP were harvested every seven days, centrifuged (4 • C) at 1750 rpm for 4 min. The supernatant was removed and the cells were re-suspended in PBS +1% FCS, then filtered through a Mesh filter and run on the FACS machine (BD FACScan analyzer, 3A International Business Park, Singapore). Results were analyzed using FCS Express 4 Flow Research Edition (De Novo Software, Glendale, CA, USA, Version 4.07.0020). 
Xenograft Mouse Model
Immunohistochemistry
At the end of the experiments, the tumors were excised, photographed, measured, and fixed in 4% formaldehyde for routine processing and embedding, as previously described [14] . Four-micron thick sections were cut and stained with hematoxylin-eosin (H & E) or with periodic acid Schiff (PAS) without hematoxylin. Paraffin sections were cut at 4 µm for light microscopic immunohistochemistry (IHC). The slides were deparaffinized using xylene and absolute ethanol, rinsed in distilled water, and exposed to H 2 O 2 for 5 min. or antigen unmasking solution. The antigen unmasking solution (citrate buffer, Thermo Scientific, Waltham, MA, USA) was heated in a steamer to 105 • C for 10 min. and then cooled to room temperature before use. The sections were rinsed with PBS for 2 min. (Cell Marque, Rocklin, CA, USA) and then blocked with CAS-Block for 5 min. (Invitrogen, Carlsbad, CA, USA, by ThermoFisher Scientific, Waltham, MA, USA). The slides were rinsed with PBS and reacted with primary antibodies targeting CD34 (Cell Marque), and Glut-1 (Cell Marque), followed by rinsing in PBS and reaction with secondary antibodies: MACH-2 rabbit HRP-Polymer (Biocare Medical, Pike Lane Concord, CA, USA) and HRP linked to rabbit anti-FITC, respectively. Sections were rinsed with PBS and incubated with AEC (Cell Marque) for 10 min. Sections were rinsed in distilled water and PBS and counterstained with Mayer's hematoxylin, and coverslipped with a permanent mounting medium (AquaSlip, American MasterTech, Lodi, CA, USA). The slides were photographed with a Nikon ECLIPSE Ti microscope at ×4 magnification.
Statistical Analysis
In vitro experiments with at least three biological and three technical repeats for each data point provide sufficient statistical power. For animal experiments, we used five animals per group to allow descriptive statistics on the one hand while minimizing the use of animals to accommodate the ethical restrictions on the other hand.
Statistical analysis was performed with JMP 9.0 (SAS, Cary, NC, USA). Analysis of variance (ANOVA) was used to compare the mRNA levels and luciferase activity in relative light units. Multivariate ANOVA was used to compare the growth rates of the tumors within the mice (Figures 5  and 6 ).
Conclusions
Clinical and research studies have shown that uveal melanoma is resistant to hypoxia. We have confirmed UM's resistance to hypoxia in vitro [17] , and used armed viruses that knock down the expression of the regulators of cellular response to hypoxia, CREB, and HIF-1 to learn whether inhibiting the cells' response to hypoxia would result in diminished tumor growth. Despite the lack of response in vitro, here we found that knockdown of CREB or HIF-1 in vivo resulted in a markedly decreased tumor growth rate. The resulting tumors were smaller in size and weight, had no vasculature growing into them, and had increased expression of vasculogenic mimicry patterns (more so with the knockdown of CREB).
The expression of the major cancer glucose transporter Glut-1, which is regulated by CREB and HIF-1, was diminished in UM tumors following the knockdown of either CREB or HIF-1. The resultant reduction in glucose uptake together with lower availability of glucose in vivo vs. in vitro probably lead to the curbed growth of the UM cells in vivo. In summary, the results presented here, demonstrating that the knockdown of either CREB or HIF-1 reduced UM tumor growth, may lead to the development of a novel therapeutic approach for metastatic UM, which is currently incurable. 
